Roux-en-Y gastric bypass (RYGB) induces remission or substantial improvement of type 2 diabetes mellitus (T2D) but underlying mechanisms are still unclear. The beneficial effects of dietary proteins on energy and glucose homeostasis are mediated by the antagonist effects of peptides toward mu-opioid receptors (MORs), which are highly expressed in the distal gut. We hypothesized that the beneficial effects of RYGB could depend at least in part on the interaction of peptides from food with intestinal MORs. Duodenal-jejunal bypass (DJB) was performed in obese and lean wild-type (WT) or MOR deficient (MOR −/− ) mice. Food intake and body weight was monitored daily during 3 weeks. Glucose homeostasis was assessed from glucose and insulin tolerance tests. In obese WT and MOR −/− mice, DJB induced a rapid and sustained weight loss partly independent of food intake, and a rapid improvement in glycaemic parameters. Weight loss was a major determinant of the improvements observed. In lean WT and MOR −/− mice, DJB had no effect on weight loss but significantly enhanced glucose tolerance. We found that MORs are not essential in the metabolic beneficial effects of DJB, suggesting that protein sensing in the distal gut is not a link in the metabolic benefits of gastric surgery.
. The Roux-en-Y gastric bypass (RYGB) procedure is one of the most performed and most efficient bariatric surgery. This surgery involves the creation of a small gastric pouch directly connected with the mid-jejunum and the diversion of the biliopancreatic secretions into the distal jejunum. After RYGB surgery, patients exhibit a calorie intake reduction and a considerable and lasting weight loss of up to 30% 2, 3 . Improvement or remission of T2DM is observed in approximately 80% of patients 4, 5 , but surprisingly the improvements in glycaemic control cannot be correlated exclusively to the extent of weight loss. Indeed, many type 2 diabetic patients stop their medication within days after surgery, before any significant body weight loss 6 . Thus, understanding the mechanisms underlying the metabolic improvements initiated by RYGB could lead to the development of less invasive treatments of T2DM.
A particularity of RYGB is that the gut anatomy is changed, which results in a modification in nutrients routing. It is well known that macronutrients act as signalling molecules and, in particular, proteins are known to induce beneficial effects on health. Protein-enriched diets have proven their efficacy in promoting satiety 7, 8 and in maintaining weight loss [9] [10] [11] . Moreover, several studies have shown that protein-enriched diets, ingested over a short or a long period of time, decrease postprandial blood glucose and improve overall glucose control in patients with T2DM 12, 13 . Therefore, the question arises as to whether dietary proteins could play a role in the metabolic improvements induced by RYGB.
Recently, we demonstrated that mu-opioid receptors (MORs) are essential in mediating the satiety effects of dietary proteins 14 . We found that infusions of various peptides directly into the portal vein of rodents inhibit the MORs surrounding the portal vein. This inhibition leads to satiety via the activation of a gut-brain neural circuitry implicating intestinal gluconeogenesis. The causal role of MORs was confirmed by the insensitivity of MOR-knockout (MOR −/− ) mice to the satiety effects induced by protein-enriched diet 14 . Remarkably, MORs are 1 highly expressed in the distal gut [15] [16] [17] where food is directly diverted after RYGB. So, it can be assumed that after RYGB peptides from food might have direct access to the MORs in the distal gut, besides the MORs surrounding the portal vein. Our hypothesis was this could amplify the peptide effects and constitute an explanation of the dramatic metabolic benefits of RYGB.
In this study, we assessed whether MORs are involved in the short-term metabolic effects of RYGB, either in a context of obesity or of leanness. Since we were primarily interested in the role of gut remodelling in the beneficial effects of RYGB, we performed a duodenal-jejunal bypass (DJB) surgery, which is a simplified RYGB that does not imply any gastric volume restriction (Fig. 1) , in both wild-type and MOR −/− mice.
Materials and Methods
Study approval. All the experiments involved in this study were carried out in accordance with the principles and guidelines established by the European Convention for the Protection of Laboratory Animals and approved by our regional animal care committee (C2EA-55, Université Lyon 1, Lyon).
Mice and diets. Male C57Bl/6 J wild-type mice (WT) were purchased from Charles River Laboratories at 4 weeks of age. Mu-opioid receptors knock-out mice (MOR −/− ) were generated in our facilities from two couples of mice obtained from The Jackson Laboratory (Oprm1 tm1Kff /J) 18 . All mice were housed in the animal facility of Lyon 1 University under controlled temperature (22 ± 2 °C) and lighting (12 h light/dark cycle with light at 7 a.m.) with free access to food and water. Before surgery, mice were group-housed (2-4 mice per cage) and after surgery mice were individually housed to allow better healing and improve recovery.
In order to induce obesity, 4-weeks old WT and MOR −/− mice were given ad libitum a high-fat/high-sucrose (HF-HS) diet during 20 weeks prior to surgery. HF-HS diet, consisting of 36.1% fat (butter and soybean oil (14:1)), 35% carbohydrates (50% maltodextrine + 50% sucrose) and 19.8% proteins (casein from bovine milk), was produced by the Unité de Préparation des Aliments Expérimentaux (INRA, UE0300, Jouy-en-Josas, France). For studies in lean animals, WT and MOR −/− mice were maintained on standard diet (SAFE A04, Augis, France) and surgery was performed at 14-weeks old. All the animals were maintained on their respective diet after surgery. Surgical Procedures. Surgical preparation. Food and water were not restricted before surgery. Anaesthesia was induced and maintained throughout the operation with Isoflurane and air/oxygen. During anaesthesia, mice were placed on a temperature-controlled heating pad to avoid hypothermia. Ophthalmic ointment (Ophtalon ® ) was applied on mice eyes to prevent drying and the abdomen was shaved and disinfected. During the entire operation, organs exposed to air were kept moist by application of NaCl 0.9%. DJB surgery. A 3 cm midline laparotomy was performed and small bowel was exposed to the surgeon. To achieve the duodenal-jejunal bypass as presented in Fig. 1 , the first step of the procedure consisted in creating the biliopancreatic limb. To this end, the ligament of Treitz was identified and jejunum was transected 3-4 cm distal to this ligament. Then, a longitudinal and antimesenteric incision (approximately 0.5 cm length) was performed 5-6 cm distal to the transected bowel. Subsequently, the proximal jejunum was moved close to the longitudinal incision of the distal jejunum and the two parts of the gut were anastomosed in an end-to-side fashion using a continuous suture (Ethicon nylon 8-0). The second step of the surgery was the building of the alimentary limb. For this purpose, the stomach was exposed and an incision of 0.5 cm length was performed near to the pylorus, in a poor vascularized portion of the stomach. Then an end-to-side gastrojejunostomy was created with a 8-0 nylon running suture (Ethicon). The third step of the procedure involved the ligation of the pylorus in order to avoid the passage of food to the biliopancreatic limb. Therefore, the pylorus was isolated and surrounded by a 6-0 nylon suture thread (Ethicon) and three simple knots were made. Throughout the DJB surgery, a particular attention was given to stop potential bleeding. For this reason hemostatic compresses (Pangen) were applied to the intestine and stomach after incisions and sutures were started only after the complete cessation of bleeding. After gently returning the small intestine and stomach inside the abdominal cavity, the abdominal wall and the skin were closed using 6-0 nylon running and interrupted suture respectively (Ethicon).
Sham surgery. The sham operation consisted of a 3-cm midline laparotomy. Sham-operated and sham-operated pair-fed mice (sham-PF) underwent the same duration of anaesthesia as DJB-treated mice (1h15) and the abdominal wall and skin were closed using running and interrupted suture respectively (Ethicon 6-0 nylon). The sham-PF mice were pair-fed to match the daily food intake of the DJB mice.
Postoperative care. ketoprofen (5 mg/kg) was administered by an intraperitoneal injection before the abdominal wall closure and 1.5 mL of NaCl 0.9% was injected subcutaneously at the end of the surgery. Postoperative analgesia consisted in a daily injection of ketoprofen (5 mg/kg, s.c.) for 4 days after surgery. Mice were housed in individual cages and put on heating pad set at 37 °C during 5 days. After the surgery, mice were given ad libitum access to water but were deprived of food during 24 h. In the postoperative day 1, mice were given approximately 2 mL of liquid diet (Ensure). From the second postoperative day, mice were fed ad libitum with the appropriate food (HF-HS or standard diet), except for sham-PF mice.
Body Weight and Food Intake. Body weight and food intake was monitored daily during 3 weeks. HF-HS diet was changed 3 times a week for ad libitum fed mice (sham-operated and DJB-treated mice) and daily for sham-PF mice.
Glucose and Insulin Tolerance Tests. Glucose tolerance test (GTT) and insulin tolerance test (ITT) were
carried out 2 and 3 weeks after the surgery, respectively. Animals were fasted for 16 (GTT) or 6 hrs (ITT) and then received an intraperitoneal injection of glucose (1 g/kg) or insulin (0.75 IU/kg for obese mice and 0.5 IU/kg for lean mice, Insulatard, Novo Nordisk). Blood glucose was monitored for 120 (GTT) or 90 min (ITT) using a glucometer (Accu-Check, Roche) From samples collected from the tip of the tail vein. Insulinemia was quantified using an ELISA kit (Mercodia).
Statistical analysis.
The results were expressed as mean ± SEM. Unpaired Student's t test was used for two-group comparisons. One-way ANOVA followed by Tukey's post-hoc test was used for three-group comparisons. p < 0.05 was considered significant.
Results
Duodenal-jejunal bypass induces weight loss and metabolic improvements in obese wild-type mice. We first studied the metabolic effects of DJB in obese WT mice fed a high-fat/high-sucrose (HF-HS) diet. Food intake after DJB was transiently reduced from postoperative day 3 to day 8 compared with WT sham group (Fig. 2a) . Beyond the 8 th day post-surgery, WT DJB mice stabilized their food intake and reached the same level as that of WT sham mice. These results indicated that DJB did not induce a long lasting decrease in food intake. However, DJB in WT obese mice led to a significant and sustained weight loss compared to sham surgery. Indeed, WT DJB mice showed a steeply weight loss for the first 15 days (− 28%, i.e. − 13.7 g, Fig. 2b ) and stabilized their body weight around 34 g (Fig. 2c) until the end of the study. To distinguish the effects specific of DJB surgery from those related to the decrease in food intake, a group of sham-operated mice pair-fed with DJB mice was studied (WT sham-PF, grey diamond, Fig. 2 ). As expected, sham-PF mice lost weight but to a lesser extent than DJB mice (maximal weight change: − 7.5 ± 0.7 g at 14 days post-surgery, Fig. 2b ) and tended to exhibit a gradual weight regain from the second week after the surgery. Thus, DJB in WT obese mice induced a significant weight loss partially independent of food intake.
Then we evaluated the effects of DJB on glycaemic control. Analysis of glucose tolerance test data revealed that DJB induced a significant improvement in glucose tolerance associated with a decrease in basal glycaemia (Fig. 2d) and a 3 fold decrease in blood insulin levels (Fig. 2e) compared to sham WT mice. Similar improvements in glycaemic control were observed in sham PF mice (Fig. 2d and e) . It is noteworthy that the area under the curve Scientific RepoRts | 7:44856 | DOI: 10.1038/srep44856 of glycaemia during GTT was positively correlated with body weight (Fig. 2g) . Relating to insulin sensitivity, WT DJB mice exhibited a substantial reduction in their blood glucose levels after insulin injection compared with those of sham WT mice (Fig. 2f) . Sham-PF WT mice displayed a smaller but significant enhancement in their insulin tolerance compared with sham WT mice, with no improvement in fasting glycaemia (Fig. 2f) . Interestingly, the area under the curve of glycaemia during ITT was positively correlated with body weight loss (Fig. 2h) . Together, these data suggest that the improvements in glucose and insulin tolerance after DJB in obese WT mice are mainly associated with weight loss.
Duodenal-jejunal bypass induces weight loss and metabolic improvements in obese MOR
−/− mice. To assess the involvement of MORs in the metabolic improvements observed after DJB, we performed the same experiments in MOR −/− obese mice. As in WT mice, DJB in MOR −/− obese mice led to an initial hypophagia from postsurgical day 3 to day 6 and then to a stabilization in their food intake at the same level as MOR −/− sham mice (around 2.5 g/day, Fig. 3a) . As in WT mice, DJB induced a decrease in body weight in MOR −/− mice, independently of food intake. Indeed, MOR −/− DJB mice gradually lost weight during 14 days (− 24% i.e. − 10.6 g, Fig. 3b ) and then stabilized their body weight around 35 g (Fig. 3c) , whereas PF-MOR −/− lost weight during the first week (maximal weight loss: − 5.7 ± 0.4 g on day 5 post-surgery) and regained weight from the 9 th post-surgical day until the end of the experiment (+ 2.8 g between day 9 and 20, Fig. 3b ). Taken together, these data strongly suggested that DJB induced almost identical effects on food intake and body weight in WT and MOR −/− obese mice. DJB performed in MOR −/− mice induced an improvement in glucose tolerance (Fig. 3d) . MOR −/− sham-PF mice showed a trend toward an improvement in glucose tolerance but the results were not statistically significant (Fig. 3d) . In addition, DJB and pair feeding induced a marked decrease in blood insulin basal levels (Fig. 3e) . As in WT mice, these improvements were positively correlated with body weight (Fig. 3g) . MOR −/− DJB mice exhibited improved insulin tolerance compared with sham MOR −/− mice (Fig. 3f) , whereas MOR −/− sham-PF mice did not display improvement in insulin tolerance compared with sham MOR −/− mice. However, as for WT mice, the improvement in insulin tolerance induced by DJB was positively correlated with body weight loss (Fig. 3h) . Taken together, these data suggest that as in WT mice, the improvements in glucose and insulin tolerance after DJB in obese MOR −/− mice are mainly associated with weight loss.
Duodenal-jejunal bypass does induce neither food intake decrease nor weight loss in lean wild
type and MOR −/− mice. Since the decrease in body weight had a major impact on the metabolic improvements induced by DJB, we studied the metabolic effects of this surgery in lean mice. Indeed, data from the literature reported that in lean mice bariatric surgery caused little or no weight loss 19, 20 . DJB and sham surgeries were performed in 14-weeks old WT and MOR −/− mice fed a standard diet. As illustrated in Fig. 4a , DJB in WT lean mice resulted in an early short phase of hypophagia (from the first day to postoperative day 3) followed and counterbalanced by a short period of hyperphagia (during the second postsurgical week), then food intake resumed initial basal level. In MOR −/− mice, DJB induced comparable outcomes except that MOR −/− DJB mice displayed a longer hypophagia period and a slightly delayed hyperphagia rebound (Fig. 4b) . Thus, DJB performed in WT or MOR −/− mice did not induce a lasting decrease in food intake. Wild type DJB and sham mice exhibited a similar body weight from the second day after surgery (Fig. 4e) . When DJB mice were refed ad libitum (i.e., from postsurgical day 2), they regained weight (Fig. 4c) . However, this weight regain occurred more slowly in WT DJB mice compared with sham WT mice. This can be explained by the short initial hypophagia experienced by the DJB mice (Fig. 4c) . Since MOR −/− DJB mice displayed a slightly longer hypophagia period compared with WT DJB mice, they also regained weight more slowly (Fig. 4d) and completely resumed their initial weight only 14 days after the surgery (Fig. 4f) . Therefore, MOR −/− DJB mice displayed a statistically significant reduced body weight compared to MOR −/− sham mice from postoperative day 4 to 18 ( Fig. 4f) , but it is to be noted that the weight difference between the 2 groups of mice was weak (less than 2.2 g on the second and third week after surgery), and there was no difference in body weight at the end of the study, when tolerance tests were performed (Fig. 4e and f) . Together, these results highlighted that DJB does not induce lasting weight loss in either lean WT or lean MOR −/− mice. Glucose tolerance is enhanced after duodenal-jejunal bypass in lean wild-type and MOR −/− mice. To determine whether DJB affects glucose homeostasis in mice independently of weight loss, we carried out intraperitoneal glucose and insulin tolerance tests in operated lean mice.
Blood glucose levels were significantly reduced in WT DJB mice compared with WT sham mice 15, 30 and 45 min after glucose injection (Fig. 5a) . MOR −/− mice also displayed an improved glucose tolerance after DJB surgery compared with sham surgery (Fig. 5b) . This glucose tolerance enhancement after DJB was not associated with any increase in blood insulin levels during the glucose tolerance test in WT and MOR −/− mice ( Fig. 5c and  d, respectively) .
Insulin tolerance data demonstrated that neither WT DJB mice nor MOR −/− DJB mice exhibited improvement in insulin sensitivity compared with their counterpart sham mice (Fig. 5e for WT mice, Fig. 5f for MOR −/− mice). Together, these data indicated that DJB performed in lean WT and MOR −/− mice induces beneficial effects on glucose tolerance that are specific of surgery and independent of weight loss.
Discussion
This paper addresses the question of the effects of DJB on glucose and energy homeostasis in obese and diabetic mice fed a high-calorie diet. We highlight that DJB in the mouse is a suitable model to analyse the metabolic consequences of the rearrangement of the intestinal tract produced by RYGB surgery. Indeed, obese mice undergoing DJB surgery exhibited a 30% weight loss and significant improvements in glucose tolerance and insulin sensitivity as observed after RYGB in humans. However, in this mouse model of DJB, the weight loss occurred within 2 weeks after the surgery, while in humans the same weight loss was observed only 6-12 months after RYGB. This substantial and early weight loss is nonetheless consistent with the findings of others that performed either RYGB [21] [22] [23] [24] or DJB in obese mice 25 , suggesting that gastric restriction is not necessary for weight loss after bariatric surgery in mice. Another result diverging from RYGB in humans is that DJB in mice does not induce a lasting reduction in calorie intake. In obese mice fed a HF-HS diet, DJB induced a transient decrease in food intake during the first postsurgical days. This may account for the recovery period after this heavy surgery. Then, DJB mice exhibited the same food intake as sham mice. This phenomenon was also observed in the mouse models of RYGB fed a high calorie diet, regardless of the gastric pouch size 21, 24, 25 . This absence of long-term decrease in calorie intake might be explained by the lack of gastric restriction associated with DJB surgery in rodents, which is not the case in patients undergoing RYGB, in which the gastric size is reduced. In addition, modifications in food preference were reported after the surgery to the benefit of healthy low-calorie diet intake 26, 27 . Using sham-pair-fed mice, we finally observed that DJB in obese mice induces a substantial and sustained weight loss, which cannot be explained only by the decrease in food intake. This strongly suggests that additional benefits take place, e.g. increased energy expenditure and/or decreased energy absorption. An attractive possibility would be a change in the amount of specific intestinal bacteria conferring metabolic benefits as Prevotella copri 28, 29 or Akkermansia muciniphila 30 . It is noteworthy that Akkermansia muciniphila is increased after gastric bypass in morbidly obese patients 31, 32 , and that a protein from its membrane is beneficial for glucose control by itself 33 .
Regarding the consequences of DJB on glucose homeostasis in obese and diabetic mice, our results suggest that the significant improvement in glucose tolerance was directly correlated to body weight. Moreover, insulin tolerance improved in proportion to weight loss. Adiposity was not assessed here. However, the skeletal muscle greatly contributes to glucose control. This warrants why body weight loss monitoring was preferred to adiposity monitoring in this study. The results obtained highlight that the early and substantial weight loss occurring after DJB might be sufficient per se to confer the improvements in glucose metabolism, confirming the studies with mice that were body-weight matched with RYGB mice 24, 34, 35 . Hence, DJB in obese mice could help in understanding the mechanisms underlying the rapid weight loss induced by bariatric surgeries.
Using this mouse DJB model, we studied the possible role of dietary protein in the beneficial effect of DJB. Since MORs are a key mechanistic link in the favourable effects induced by protein-enriched diets 14 , we used MOR −/− mice to address this question. We first noted that these mice displayed a lower body weight than WT mice when they were fed a HF-HS diet. These results are consistent with data from the literature that revealed that MOR −/− mice consuming a high-calorie diet gain less body weight than WT mice because of a lesser fat storage 36, 37 . Nevertheless, DJB induced a rapid and massive weight loss in MOR −/− obese mice, as in WT obese mice. Moreover, the positive correlations between glucose homeostasis and weight and between insulin sensitivity and weight loss induced by DJB were observed in MOR −/− mice. This suggests that MORs are not implicated in the glycaemic parameters improvements in DJB. However, the possible role of MORs might be hidden by the benefits deriving from the dramatic weight loss in obese mice.
To question the weight loss-independent effects of DJB, we further performed this surgery in lean mice, as it has been reported that DJB induces little or no weight loss in the lean state 19, 20, 38 . According to our findings, DJB in WT lean mice improved glucose tolerance independently of weight loss as soon as 2 weeks after the surgery, whereas insulin tolerance was not modified post-surgery. These differences between lean and obese mice in the control of glucose homeostasis after DJB suggest that this surgery might induce its beneficial effects by targeting different metabolic processes depending on the initial host metabolism. It is accepted that GTT mobilizes physiological plasma concentrations of endogenous insulin, which alters EGP but not peripheral glucose uptake 39 . On the contrary, ITT involves supra-physiological plasma concentrations of exogenous insulin, which alters both EGP and peripheral glucose utilization 39 . Relating to lean animals in the absence of weight loss, it might thus be proposed that DJB improves insulin sensitivity of EGP, while not altering glucose utilization (Fig. 5) . In contrast, in obese animals after weight loss the insulin sensitivity of both EGP and peripheral glucose utilization might improve (Figs 2 and 3) . Regarding the potential role of MORs, we observed in lean mice that DJB surgery elicited almost identical effects on food intake, body weight change, glucose tolerance and insulin sensitivity in both MOR −/− and WT mice. However, it is noteworthy that the effect of DJB on body weight in lean MOR −/− mice was Figure 5 . Effects of duodenal-jejunal bypass on glucose homeostasis in wild-type and MOR −/− lean mice. (a,b) Glucose tolerance test was performed 2 weeks after surgery, (c,d) blood insulin levels were determined during the glucose tolerance test and (e,f) insulin tolerance test was performed 3 weeks after surgery in WT and MOR −/− lean mice fed a standard diet after DJB (black circles) or sham surgery (white squares). n = 6 for WT DJB group, n = 7 for WT sham group, n = 7 for MOR −/− DJB group, n = 7 for MOR −/− sham group; *p < 0.05 and **p < 0.01 vs sham group.
Scientific RepoRts | 7:44856 | DOI: 10.1038/srep44856 more pronounced than in lean WT mice (Fig. 4) . These data are in keeping with a possible role of MOR in the modulation of body weight independently of food intake, as previously suggested 36, 37 . Therefore, the beneficial effects of bariatric surgery seem independent of MORs and/or of changes in the intestinal availability of dietary protein. This is consistent with the study of Swensson et al. 40 conducted in patients undergoing gastric bypass procedure, which concluded that substituting a high-protein diet instead of the recommended standard low-fat diet after the surgery did not induce additional body weight loss. However, the consumption of a high-protein diet after weight loss induced by bariatric surgery appeared to be critical in preventing weight regain 41 and maintaining free-fat mass 42 . Thus, further studies are needed to define precisely the role of dietary proteins supplementation in the beneficial effects of bariatric surgery. The use of a suitable mouse model of bariatric surgery subjected to different diets may help to address this issue.
In conclusion, this study strongly suggests: (1) DJB in obese mice promotes a sustained weight loss, which cannot be explained by the only decrease in food intake; (2) DJB improves glucose control in obese mice, which is mainly dependent on the decrease in body weight; (3) MORs and by extension dietary protein sensing are likely not involved in the beneficial outcomes induced by DJB. Therefore, this work shows that DJB surgery in mice is a suitable model to decipher the mechanisms underlying the rapid T2D improvement after RYGB, since DJB is less difficult to realize than RYGB and promotes the same beneficial effects on body weight and glucose homeostasis. Since benefits induced by bariatric surgery seem to be the result of a combination of several complex mechanisms, studies from various mouse models (with or without diabetes, obese or lean) combined with pair-feeding/ weight-matching approaches should be useful to improve our knowledge in the mechanisms underlying gastric bypass surgeries.
